We developed a method to determine the depth extent of low-velocity zone (LVZ) associated with a fault zone (FZ) using S-wave precursors from local earthquakes. The precursors are diffracted S waves around the edges of LVZ and their relative amplitudes to the direct S waves are sensitive to the LVZ depth. We applied the method to data recorded by three temporary arrays across three branches of the San Jacinto FZ. The FZ dip was constrained by differential traveltimes of P waves between stations at two side of the FZ. Other FZ parameters (width and velocity contrast) were determined by modelling waveforms of direct and FZ-reflected P and S waves. We found that the LVZ of the Buck Ridge fault branch has a width of ∼150 m with a 30-40 per cent reduction in V p and a 50-60 per cent reduction in V s . The fault dips 70 ± 5
I N T RO D U C T I O N
Major crustal faults are usually characterized as a narrow zone of intense damage and deformation. A fault zone (FZ) usually includes a fault core (tens of centimetres to several meters in width) and the surrounding damage zone (hundreds of meters to several kilometres in width) (e.g. Chester et al. 1993; Evans & Chester 1995) . The damage zone is generated by earthquakes over time and is seismically characterized as a low-velocity zone (LVZ) composed of highly fractured materials, breccia, clay and cataclasites. Cracks in the damage zone may contain and transport fluids which play an important role on FZ strength related to earthquake generation and rupture distribution (Eberhart-Phillips et al. 1995) . Moreover, the LVZ material may result in asymmetric damage patterns during an earthquake (e.g. Ben-Zion & Shi 2005; Dor et al. 2006) and could amplify the ground motion by a factor of 30 with realistic parameters (Ben-Zion & Aki 1990 ). Studies of damage zone healing after a large earthquake highlight its importance to understanding earthquake cycle and evolution of fault systems (Li et al. 1998; . Complex structure (geometrical and material properties) of FZ may control the earthquake rupture process and slip localization and is important to understanding the earthquake physics (e.g. Aki 1979; Scholz 1990; Kanamori 1994; Kanamori & Brodsky 2004) .
Different geological and geophysical methods have been used to investigate the FZ structures. Studying exhumed faults can provide direct information of FZ parameters but is limited in depth (Chester et al. 1993; Sieh et al. 1993; Johnson et al. 1994) . Drilling in some particular sites, for example, SAFOD, can sample a FZ in depth directly but it is laterally limited. Seismic reflection and refraction surveys can image FZs down to a few kilometres but have difficulties to image very narrow, nearly vertical FZs (Eberhart-Phillips et al. 1995; Hole et al. 2001; Ben-Zion & Sammis 2003) . Many other geophysical methods have also been used to study FZ properties at the seismogenic depth such as gravity and electromagnetic surveys, traveltime tomography, earthquake location, waveform modelling of earthquake body waves, FZ head waves and FZ trapped waves (e.g. Mooney & Ginzburg 1986; Ben-Zion & Malin 1991; BenZion et al. 1992; Li et al. 2002; Prejean et al. 2002; McGuire & Ben-Zion 2005; Bleibinhaus et al. 2007; Li et al. 2007; Zhao & Peng 2008; Yang et al. 2009 ). Among these methods, the most frequently used technique is to model the FZ trapped waves, which are low frequency wave trains with relatively large amplitude following the S wave. This method has been used on different faults around the world, such as the North Anatolian FZ in Turkey , the Nocera Umbra FZ in central Italy (Rovelli et al. 2002) , the San Andreas FZ at Parkfield (Korneev et al. 2003; Li et al. 2004; Li & Malin 2008) , the Lavic Lake FZ , the Calico FZ (Cochran et al. 2009 ), the Landers FZ (Li et al. 1994 (Li et al. , 1999 (Li et al. , 2000 Peng et al. 2003) and the San Jacinto FZs in California (Li et al. 1997; Li & Vernon 2001; Lewis et al. 2005 ). Most FZ trapped wave studies revealed a LVZ ranged from ∼75 to ∼350 m with the shear wave velocity reduced by 20-50 per cent. However, uncertainties of trapped wave modelling results due to the non-uniqueness and trade-off among FZ parameters have been noted (Peng et al. 2003; Lewis et al. 2005) . It is still under debate whether the trapped energy comes from a shallow LVZ structure or a deep one (Li et al. 1997; Li & Vernon 2001; Ben-Zion & Sammis 2003; Lewis et al. 2005) . For example, a 15-20-km-deep LVZ of the San Jacinto FZ (SJFZ) was reported by Li & Vernon (2001) while another group using the same data set argued that it was only 3-5 km deep (Lewis et al. 2005) .
A recent numerical analysis of FZ trapped wave pointed out that determination of FZ structure at seismogenic depth requires using higher frequency waveforms than the FZ trapped wave (Wu et al. 2008) . In this study, we analyse high frequency body wave waveforms of local earthquakes recorded by temporary arrays across the three branches of the SJFZ. Using a recently developed method (Li et al. 2007) , we determine FZ parameters of width and velocity drops. The FZ dip is determined by an analysis of spatial distribution of differential traveltimes of P waves across the arrays. In addition, we observe a precursor before the direct S wave caused by diffraction around the edge of LVZ. The amplitude ratios between the diffracted wave and the direct S wave are sensitive to the LVZ depth so that we can determine the depth by modelling their waveforms. We also estimate uncertainties of LVZ depth determination due to uncertainties of event locations by performing synthetic tests. Finally, we summarize the seismic structures of the SJFZ by modelling the high frequency body waveforms.
T H E 1 9 9 9 S A N JA C I N T O FAU LT Z O N E S E I S M I C E X P E R I M E N T
The San Jacinto fault is the most seismically active strand of the San Andreas fault system in southern California (Fig. 1) , with successive occurrences of moderate earthquakes since 1890 (Sanders & Kanamori 1984; Sykes & Nishenko 1984) . Study of sedimentary rocks in the Borrego Badlands, southern California, showed that the SJF was formed in the Pleistocene era, 1.0-1.1 Ma (Lutz et al. 2006) . The average slip rate on the SJF is approximate 12-15 mm yr −1 based on studies of Pleistocene and Holocene alluvial fans and fluvial deposits and the GPS measurements (Rockwell et al. 1990; Becker et al. 2005) .
The southern portion of the SJF near Anza is composed of three branches: the Buck Ridge fault (BRF); the Clark Valley fault (CVF) and the Coyote Creek fault (CCF). In 1999, three linear seismic arrays were deployed across the three fault strands (Fig. 1) . Each array was 350 m in length and consisted of 12 three-component L22 2-Hz short-period instruments. The profiles were approximately perpendicular to the surface trace of the fault (Fig. 1) . Array A across the CVF and array B across the BRF operated for 2 months while array C across the CCF was deployed for 4 months in the field. Waveforms of ∼1500 small earthquakes were recorded by the arrays during operation period. More details on the experiment were described in Li & Vernon (2001) .
DATA A N A LY S I S A N D R E S U LT S

FZ dip based on P-wave arrival times
We selected events that have been relocated by Shearer et al. (2005) . We required that events were within 10 km in epicentral distance to the seismic array and were recorded by at least seven stations of the arrays. There were 52 such events for the BRF array, 41 for the CCF array and only 5 for the CVF array. We removed instrument responses and bandpass filtered the waveforms between 1 and 15 Hz. We then hand picked direct P-and S-wave arrival times for each event. Fig. 2 shows three-component seismograms from one earthquake recorded by the BRF array. The event is located southwest of the surface fault trace (Fig. 3a) . Usually the LVZ associated with a FZ causes the P and S waves to arrive later at stations on the other side of the fault. However, Fig. 2 shows that the direct P and S waves arrived earlier at northeastern stations than at the southwestern stations. This indicates that the LVZ is not vertical but dips to the southwest so that the event is actually located on the northeastern side of the LVZ (Fig. 3b) .
In Fig. 3 , we show event locations and the P arrival time differences between the northeastern-most and southwestern-most stations of the BRF array. Out of 52 events, only four events located south of the array show early P arrivals at southwestern stations, that is, on the southwestern side of the LVZ. The rest are located on the northeastern side of the LVZ. This allowed us to determine the dip of the LVZ in the cross-section perpendicular to the strike of the BRF (Fig. 3b) . The best-fitting plane shows that BRF dips 70
• to the southwest. Using the same analysis we found that CCF is nearly vertical. The dip of CVF could not be determined due to lack of events.
Since we constrained the LVZ dip by the spatial distribution of earthquakes, uncertainty of event locations will lead to uncertainty in dip of the LVZ. Most events used in this study have relatively small uncertainties laterally and in depth. We applied 1 km perturbation to event locations and found the uncertainty of the corresponding LVZ dip was less than 5
• . Therefore, we concluded that the BRF dips 70 ± 5
• to the southwest.
FZ widths and velocity drops
Recently, we developed a technique to determine high-resolution FZ structure using arrival times and waveforms of FZ transmitted and reflected P and S body waves from local earthquakes (Li et al. 2007) . As shown in Fig. 4 , a LVZ that embedded into a uniform half-space can generate FZ-reflected body waves for an event near the FZ. When the event is close to the FZ, the differential times between the direct and FZ-reflected P and S waves can be expressed as:
where p is the ray parameter and n is the number of ray legs of the multiple reflection in the FZ. This technique has been successfully applied to the Landers FZ using aftershock data of the 1992 Landers earthquakes. Using the new technique, the trade-off between the LVZ width and velocity drops is greatly reduced (Li et al. 2007) . The method has, however, some limitations. For example, events have to be close to seismic stations so that the free-surface effect can be easily corrected. In order to use generalized ray theory, we have to ignore depth-dependent variations of host-rock and LVZ structures. When such depth-dependent variations are evident, we use the finite-differences method in the waveform modelling. We first rotated three component seismograms into the FZ radial, FZ normal and FZ parallel directions (see details in Li et al. 2007) Figure 5. Waveform record section of, from left to right, the FZ radial component in P window and the FZ parallel component in S window for event 5850 located in the east of the BRF (Fig. 3) . The horizontal axes show time after P arrival at station BRST0 for the radial component and after S arrival for the FZ parallel components. Red vertical bars represent direct P-and S-wave arrival times and blue bars denote available FZ-reflected wave arrivals (P 2 and S 2 ). The lines represent predicted arrival times of direct P or S wave and its multiple FZ reflected phases. Vertical grey bar represents location of the LVZ.
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H. Yang and L. Zhu Figure 6 . FZ width and P-and S-wave velocity drops as determined by least-square inversions of direct and FZ-reflected P and S arrival times for event 5850. Traveltime residuals in seconds are shown by colour contours and black crosses represent optimal solutions. using the FZ dip determined above and FZ strike following the surface trace (Fig. 3) . Fig. 5 shows a waveform record section from an earthquake located on the northeastern side of the BRF fault trace. A notable feature of the record section is that arrival times of direct P and S waves are delayed by ∼0.05 and ∼0.2 s, respectively, from the northeastern-most to the southwestern-most stations. The delay starts near station BRNE4 and ends near BRSW1, over a distance of ∼150 m, indicating existence of a LVZ with its northeastern boundary near BRNE4 and southwestern boundary near BRSW1 that allows us to constrain the LVZ width to be 150 m. The LVZ is not centred at the surface trace (location of station BRST0), but is shifted to the northeast by ∼50 m. In addition, we identified the FZ-reflected P and S waves at some stations (labelled P 2 and S 2 in Fig. 5 ). The time delays of the FZ-reflected waves relative to the direct arrivals were used to determine the velocity drops of the LVZ compared to the host rock. We fixed the V p of host rock to be 6.3 km s −1 and the V s to be 3.6 km s −1 . The best-estimated LVZ P-wave velocity drop is 30-40 per cent and S-wave velocity drop is ∼60 per cent (Fig. 6) . The predicted arrival times of the direct and FZ-reflected waves using the best LVZ model are shown in Fig. 5. 
Constrain on LVZ depth by S diff waves
One interesting feature we found in Fig. 2 is a precursor before the direct S wave. It only appears at stations on the southwest side of the array and its amplitude decreases at stations close to the FZ (Fig. 2) . From FZ wave synthetic tests in the Lander FZ study (Li et al. 2007) , we showed that the precursors are diffracted S waves (S diff hereafter) (Fig. 7) . We also found that the occurrence and amplitudes of LVZ-diffracted wave depend on the LVZ depth (Li et al. 2007) . Therefore, it could be used to constrain the LVZ depth. In this section we show how it is possible to determine the LVZ depth by modelling the S diff waves.
First we set up a 500-m-long hypothetic array with a 20 m station spacing centred across a 200-m-wide LVZ. The LVZ has a north-south orientation and dips 70
• to the west (Figs 8a and b) . It extends down to a depth of 2 km and has a 50 per cent reduction in V s and a 40 per cent reduction in V p . The western boundary of the LVZ is located 40 m west of the centre station. Attenuation in the LVZ is set as Q s = 10 and Q p = 40 (model 1 in Table 1 ). The earthquake is located 2.5 km west of the centre station and its depth is 15 km (Location a in Figs 8a and b) . We computed synthetic waveforms by the finite-differences technique with a grid size of 30 m and time step of 0.002 s. The maximum signal frequency is Figure 7 . Direct (red) and diffracted (blue) waves from an earthquake (star) arrive at two stations (triangles). Two seismograms are shown on the top of stations with red and blue arrows pointing to the direct and diffracted waves. LVZ denotes a low velocity zone embedded into a half-space.
12 Hz. Synthetic waveforms of the transverse component are shown in Fig. 8(d) . S diff waves appear at the western-side stations of the array. Their amplitudes relative to S waves decrease towards the FZ and eventually vanish at stations inside the LVZ (Fig. 8d) .
We then computed synthetic waveforms for the same event location but for two other different LVZ models of different depths (model 2 and 3 in Table 1 ) to demonstrate the sensitivity of the S diff to LVZ depth. The two LVZ models have the same parameters as the first model but their depths are increased and decreased by 1 km, respectively. We compared synthetic waveforms for different LVZ depths and found that the S diff waveforms changed noticeably (Figs 8c and e) . The S diff are visible at the western stations for all the models. However, their amplitudes relative to the S wave are quite different. For the LVZ of 2 km deep, the amplitudes of S diff are slightly smaller than S wave (Fig. 8d) . When the LVZ depth is decreased from 2 km to 1 km, the S diff are very strong and have larger amplitude than the S wave at most western stations (Fig. 8c) . In comparison, we only observed very weak S diff when the LVZ depth is 3 km. The S diff are only visible at several stations away from the LVZ (Fig. 8e) . From these results, we conclude that we are able to resolve the LVZ depth reliably within 1 km, provided that we know the location of the event accurately.
In this study, we selected events located by Shearer et al. (2005) . Most event locations have relatively small uncertainties both laterally and in depth, usually less than 1 km. However, if combined with uncertainties of other FZ parameters, the event location uncertainties could result in large uncertainties of LVZ depth (Li et al. 2007) . To consider the effect of event location uncertainties, we perturbed the event location by 1 km in depth and epicentral distances (Table 2) . At each perturbed location, we find the best-fitting LVZ depth by comparing the 'unperturbed' waveforms (for an event located at a in Figs 8(a) and (b) and a 2-km-deep LVZ) and synthetic at the perturbed event location. Fig. 9(a) shows that the best fit for event location f gives a LVZ of 2 km deep, same as the 'true' depth. We performed the same procedure for a shallow event depth (location e in Figs 8a and b) and found the best-fitting LVZ depth is also 2 km. Therefore, we believe that the uncertainties of event depths has little effects on the LVZ depth by modelling the S diff waves.
As we perturbed the event location on epicentral distance, we found that the obtained LVZ depth was more sensitive to the lateral uncertainty of event location. We modeled LVZ depth with the earthquake epicentral distance increased by 1 km (location c in Figs 8a and b) . The best-fitting LVZ depth is 3 km (Fig. 9b) , 1 km larger than the 'true' depth. In addition, we found the best-fitting LVZ depth is 1 km for the event epicentral distance decreased by 1 km (location d in Figs 8a and b) . Therefore, we conclude that uncertainty of LVZ depth using S diff is ∼1 km if uncertainties of event locations are ∼1 km. Using the FZ dip, width and velocity reduction determined earlier, we computed synthetic waveforms for LVZ models with different depths by the finite-differences technique. Fig. 10 shows waveform fits of the transverse component for two events. The bestfitting LVZ depth is 2 km and its uncertainties are estimated as 1 km assuming that uncertainties of event locations are no more than 1 km.
D I S C U S S I O N A N D C O N C L U S I O N S
In this study, we investigated the SJFZ structure near Anza, southern California, by modelling local earthquake waveforms recorded by three temporary arrays. We found that the LVZ of the BRF has a width of ∼150 m, dips 70
• southwestward, is reduced 50-60 per cent in V s and 30-40 per cent in V p , and extends ∼2 km in depth. The width is consistent with results of previous studies (Li et al. 1997; Li & Vernon 2001; Lewis et al. 2005) . The FZ dip agrees with results of analysing locations of earthquakes with FZ trapped waves (Li & Vernon 2001) . The S-wave velocity reduction is slightly higher than those from the FZ trapped wave study (Li & Vernon 2001; Lewis et al. 2005) . The LVZ is not centred at the surface trace of the BRF but is shifted to the northeast by Figure 10 . S and S diff wave data (black) and synthetic waveforms (red). From left to right, two events, (a) 4527, (b) 5054, recorded by the BRF array. Event locations are shown in Fig. 3(b) . Black arrows point to the S diff phase.
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H. Yang and L. Zhu ∼50 m, which was also found by the FZ trapped wave study (Lewis et al. 2005) . We interpret the LVZ to be the cumulative damage zone caused by ruptures of repeated earthquakes in the region over geological time. The SJFZ is seismically active and a few moderate to large magnitude earthquakes occurred since 1890. Mechanisms to reduce seismic wave velocities in the damage zone could include intense fracturing and pulverization, brecciation and fluid saturation (Chester et al. 1993) . Our results show significant higher reduction in V s than in V p , suggesting that fluid saturation might be the main mechanism because it affects V s more than V p .
A central issue in FZ imaging is the depth extent of the lowvelocity waveguide zone. One group suggested that it penetrates down to the base of the seismogenic zone (e.g. Li et al. 1994 Li et al. , 2000 Li & Vernon 2001; Li et al. 2004) , while others argued for a shallow trapping structure extending only to a depth of 3-5 km (e.g. BenZion et al. 2003; Peng et al. 2003; Lewis et al. 2005) . A recent numerical analysis of FZ trapped wave pointed out that determination of fault structure at seismogenic depth requires analysis of data at higher frequencies than the FZ trapped wave (Wu et al. 2008) . In this study, we used precursors before the direct S waves, the S diff waves, which are sensitive to LVZ depth (Li et al. 2007) . They were used to study some fracture models (Grad 1984 ), but have not been used to image LVZ depth so far. Our synthetic tests show that the S diff waves are suitable to determine LVZ depth because their relative amplitudes to the direct S waves are very sensitive to depth of the LVZs. Our modelling results show that the LVZ of the BRF extends 2 km in depth that is consistent with the proposed shallow structure of Lewis et al. (2005) . The depth uncertainties are estimated by the synthetic tests in which we believe the uncertainties of FZ depth are in the same order with the uncertainty of event locations (especially in lateral distance). Since most event locations used in this study have uncertainties less than 1 km (Shearer et al. 2005) , we believe the uncertainties of the LVZ depth of the BRF is less than 1 km.
During our waveform modelling and synthetic tests, we assumed that the FZ was a simple tabular layer embedded in a half-space. The newly developed technique (Li et al. 2007 ) could take into account the effect of gradational reduction of seismic velocities from host rock to the LVZ. The gradation will not significantly affect the waveforms in the frequency band (1-15 Hz) that we used unless the gradient zone is more than ∼100 m. In addition, the FZ structure is not variant with depth. However, most FZs are not that simple and their properties are depth dependent. For instance, the Calico FZ in California has a depth-dependent velocity reduction, 50 per cent reduction in V s down to 5 km and gradually changed to 25 per cent from 5 to 10 km (Cochran et al. 2009 ). We could not exclude the case that the LVZ of the BRF extends to 2 km in depth with a 50-60 per cent reduction in V s and extends further down with much smaller velocity contrast or width. For example, Hong and Menke [2006] suggested that low shear velocities of 6-8 per cent in the San Jacinto FZ were observed down to a depth of ∼16 km. We performed a synthetic test for a FZ model with 25 per cent reduction in V s (model 4 in Table 1 ). The model grid size was set to 30 m which corresponds to 15 Hz in signal frequency. We did not observe any diffracted waves. In order to resolve fine structure, we had to compute with smaller grid size to get higher frequency which requires much longer CPU time and larger memory usage.
We did not find clear signature of FZ-reflected and diffracted waves for the CVF and the CCF branches (Fig. 11) . Due to the nature of diffraction, the FZ diffracted waves can only be seen in certain event-station geometry related to the shape of LVZ. The number of events recorded by the CVF and CCF arrays is small. The LVZs of CVF and CCF are probably less developed than the BRF's. Based on traveltime modelling alone, we estimated that the CCF has a LVZ of ∼150 m in width and of 50 per cent reduction in V s and 25 per cent reduction in V p . The LVZ of the CVF is ∼200 m in width and has 50 per cent reduction in V s and 40 per cent reduction in V p . The results are consistent with the previous studies (Li & Vernon 2001; Lewis et al. 2005) . However, there might be a strong trade-off between the LVZ width and velocity drop because we did not have constraint from FZ-reflected waves.
In summary, we investigated fine structure of the SJFZ near Anza, southern California, by modelling high frequency body waves. We found that the LVZ associated with the BRF is ∼150 m in width and has a 30-40 per cent reduction of V p and a 50-60 per cent reduction of V s . The BRF is dipping 70 ± 5
• southwest and its depth extent is 2 ± 1 km. It is not centred on the surface fault trace but is shifted ∼50 m to the northeast, implying the asymmetric damage during earthquakes.
